Summary Mineral nutrition of Norway spruce (Picea abies (L.) Karst.) and beech (Fagus sylvatica L.) was investigated along a transect extending from northern Sweden to central Italy. Nitrogen (N) concentrations of needles and leaves in stands growing on acid soils did not differ significantly between central Italy and southern Sweden (1.0 ± 0.1 mmol N g −1 for needles and 1.9 ± 0.14 mmol N g −1 for leaves). In both species, foliar N concentrations were highest in Germany (1.2 mmol N g −1 for needles and 2.0 mmol N g −1 for leaves) and decreased by 50% toward northern Sweden (0.5 mmol N g ). A similar pattern was observed for beech.
). Both species showed constant S/N and P/N ratios along the transect. Calcium, K and Mg concentrations generally reflected local soil conditions; however, Mg concentrations reached deficiency values in Germany. Leaf area per unit dry weight varied significantly along the transect with lowest values for Norway spruce recorded in northern Sweden and Italy ). A similar pattern was observed for beech.
Despite the low variation in foliar N concentrations on the large geographic scale, local and regional variations in N concentrations equalled or exceeded the variation along the entire continental transect. Furthermore, nutrient contents (i.e., nutrient concentration × dry weight per needle or leaf) showed a greater variation than nutrient concentrations along the transect. Nitrogen contents of Norway spruce needles reached minimum values in northern Sweden (2.4 µmol N needle ). At the German site, foliar N content rather than N concentration reflected the seasonal dynamics of foliar growth and N storage of the two species. During foliage expansion, there was an initial rapid increase in N content and a decrease in N concentration. This pattern lasted for about 2 weeks after bud break and was followed by 6 weeks during which dry weight and N content of the foliage increased, resulting in a further decrease in N concentration. During summer, dry weight and N content of mature needles of Norway spruce increased further to reach a maximum in autumn, whereas N concentration remained constant. In spring, reallocation of N from 1-and 2-year-old needles was 1.5 and 1.0 µmol N needle −1 , respectively. This remobilized N was a major source of N for the development of new needles, which had an N content of 1.5 µmol N needle −1 after bud break. The seasonal remobilization of N from old foliage decreased with increasing needle age. Needle N content and dry weight decreased progressively with age (1 µmol N needle −1 between age classes 2 and 5), whereas N concentrations remained constant. For Norway spruce, annual stemwood production was correlated with needle N content but not with foliar N concentration or with the total amount of N in the canopy. Interspecific and geographical differences in plant nutrition are discussed
Introduction
European forests are distributed from the northern boreal forest line in Scandinavia to the southern Mediterranean region in Italy and are characterized by having relatively few dominant tree species. Two of the most widespread dominants are Norway spruce (Picea abies (L.) Karst.) and beech (Fagus sylvatica L.). Norway spruce is found throughout the entire 3000-km transect from Scandinavia to Italy. Although beech extends further south than spruce in Italy, it reaches its northern limit in southern Scandinavia where it is replaced by Betula. In addition to short growing seasons, winter cold and summer drought are major stress factors in the north and south, respectively, whereas the central part of the transect is exposed to nitrogen (N) and sulfur (S) depositions from air pollution (Hauhs et al. 1989 , van Leeuwen et al. 1996 .
Because air pollution cannot be excluded from central Europe, we used a 3000-km transect to study the nutrient relations of two major European tree species, thereby overcoming the difficulty of designing an experiment to account for this air pollution (cf. Rasmussen et al. 1993) . Our hypothesis was that foliar nutrients would be correlated with N deposition, and that such relationships would be most prominent on nutrient-poor acidic soils. We found that foliar nutrient concentrations exhibited large local variation that overrode the geographic patterns at regional and geographic scales. Foliar nutrient contents were closely correlated with nutrient availability and growth.
Material and methods

Study sites
The study was initiated as part of a European research project to examine nitrogen transformations in plants, soils and microorganisms at selected European forest sites (see Table 1 and Figure 1 ). Climatic conditions range from the boreal in northern Sweden (Aheden) to oceanic temperate climate in Denmark (Klosterheden and Hilleröd), and temperate continental climate in northern Bavaria (Waldstein, Schacht) to sub-oceanic central European climate of the Voges Mountains in Table 1 . Stand characteristics of sites along the European transect. Stemwood productivity data for France, southern Sweden, Denmark and Italy are from Dambrine et al. 1995, Nilsson and Wiklund 1992, B. Andersen (Danish Forest and Landscape Institute, Hoersholm, personal communication) , and G. Scarascia-Mugnozza (DISAFRI, University of Tuscia, Viterbo, personal communication), respectively. Data for Germany and northern Sweden were derived from destructive biomass harvests (Mund 1996 and G. Bauer, unpublished data France (Aubure), and to Mediterranean winter rains in central Italy (near Rome). Mean annual temperatures increase from 1 °C in the north to 15 °C in the south, and growing seasons increase from 4 months in the north and 5 months in the south to about 7 months in central Europe. Rainfall reaches a maximum in central Europe and decreases to the north and south. Estimated N depositions (wet deposition) are maximal in central Europe, and thus interact with the more favorable growing climate in this area.
Whenever possible, the study was limited to forests growing on acid soil (except for the central Italy site and for Fagus in Denmark). Soil pH of the A horizon varied between 3.5 and 4.8 (Matschonat 1995) . Also, where possible, we selected old stands (generally more than 100 years), because we assumed that they would be in equilibrium with their site conditions.
Picea abies reached a maximum height of almost 30 m in the Voges Mountains in northern France, whereas Fagus sylvatica reached a maximum height of about 26 m in Denmark. Stand density and basal area showed no systematic variation with latitude, and were mainly determined by silvicultural practices. Tree biomass reached a maximum in northern Bavaria. Generally tree dimensions and biomass were smaller for the same age trees in the south than in the north.
Forest growth (Table 1) was 10 times higher in Germany (Mund 1996) 
Plant collection and analysis
Plant material was collected from the upper third of the crown. At the German site, harvests were made six times during the growing season. At all other sites, plant material was collected once after termination of foliage growth. Samples were washed with deionized water and divided into two equal subsamples. One subsample was frozen in liquid N 2 and stored at −30 °C for leaf area determination. This material was then dried at 75 °C for 48 h for individual needle or leaf dry weight determination. The other subsample was dried at 75 °C for 48 h, ground in a ball mill and stored in a desiccator for nutrient analysis. Total nitrogen was determined with a C/N analyzer (Model 1500, Carlo ERBA, Italy). Sulfur, P, K, Ca, and Mg were determined after acid digestion (100% HNO 3 , 6 h at 170 °C) with an ICP-AES (Model XMP, GBC, Australia). Foliar starch was extracted with 1.1% hydrochloric acid at 100 °C for 30 min according to Oren et al. (1988) and determined colorimetrically by the anthrone reaction (Yemm and Willis 1954, Hansen and Möller 1975) .
Results
Specific leaf area (SLA, m 2 kg
) of 1-year-old Norway spruce needles was almost 40% higher in France and Germany than in Italy and Sweden (Table 2) . Beech showed a similar trend in SLA between central and southern Europe. Needles and leaves of trees growing under conditions of climatic stress (summer drought, winter cold) were smaller (more scleromorphic) than needles and leaves of trees growing under less stressful conditions, indicating that SLA represents a sensitive measure of growing conditions (Luxmoore et al. 1995 , Pereira 1995 . Despite the large changes in SLA along the transect, N concentrations showed no significant difference between Italy and southern Sweden in either species, although highest N concentrations were recorded in Germany. Nitrogen concentrations of Norway spruce in northern Sweden were about 50% lower than at the other sites.
In Norway spruce needles, S concentrations showed a similar geographic pattern to the N concentrations, but with significantly higher values in Germany and Denmark than in northern and southern Europe. Sulfur concentrations were generally higher in beech than in Norway spruce, as a result of the difference in SLA between the two species (Table 2) . Phosphorus concentrations were variable, reflecting local conditions. Foliar Mg concentration changed inversely with foliar N concentration (as observed by Oren et al. (1988) for the sites in Germany), except in Denmark, where the Norway spruce site received Mg inputs from the ocean.
Regional and local variations in foliar element concentrations for Germany and Sweden were of the same order of magnitude as the variation along the entire European transect (Table 3) . At the Waldstein site, stands of different ages grow- ing within an area of 1 km 2 showed a variation in N concentrations equalling that of the regional variation in N concentrations of Norway spruce growing on different substrates across Bavaria (Rehfuess and Rodenkirchen 1984, Kaupenjohann et al. 1989 ). Furthermore, the local variation in foliar N concentrations was larger than the changes in foliar N concentrations along the transect. Similarly in southern Sweden (Ericsson et al. 1993 (Ericsson et al. , 1995 , the local variation in N concentration was similar to that along the European transect. Although Norway spruce needles at the northern Swedish site had lower N concentrations than at other sites, they showed a local variation that was comparable to the variation along the transect.
Sulfur concentrations at sites in Germany showed larger regional variation than S concentrations along the transect; however, the variation in S concentration was smaller at other European sites. Local variation in P, Ca, K, and Mg was also larger than the continental variation in these elements.
Changes in foliar nutrient contents and concentrations have been used to draw conclusions about nutrient supply and demand at the whole-plant level (e.g., Chapin and Kedrowski 1983 , Fife and Nambiar 1984 , Aerts 1996 . For both Norway spruce and beech, we found that the concurrent changes in foliage area and dry weight and in soluble carbohydrates were also important indicators of N supply and demand (Figures 2  and 3) . In Norway spruce, the initial phase of needle growth (Figure 2 ) was characterized by rapid increases in needle area (LA) and N content (N c ) and a rapid decrease in N concentration. Nitrogen content reached 50% of the autumn maximum 2 to 3 weeks after bud break when leaves had reached 80% of their maximum area. Following this initial burst of growth, needle dry weight and N content increased steadily, whereas N concentration continued to decrease. By mid-July, 8 weeks after bud break, needles had reached maturity (Lange and Schulze 1966) . Nevertheless, N content continued to increase and was accompanied by a parallel increase in needle dry weight, and, as a result, N concentration remained constant.
There was no decrease in N content or N concentration in current-year needles of Norway spruce, as has been observed in other tree species (Fife and Nambiar 1984) . The main demand for N occurred during bud break of the following year, when 1-year-old needles exhibited a sharp decrease in N content that was associated with a minor decrease in N concentration. About 1.7 µmol N needle −1 was exported from 1-year-old needles, and about 1 µmol N needle −1 was exported from 2-year-old needles at the time of new needle growth. Following the period of N reallocation in spring, 1-year-old needles ) Beech 1.7 ± 0.1 a 1.9 ± 0 ab 1.9 ± 0.2 ab 1.9 ± 0.2 ab 2.0 ± 0. Ericsson et al. (1993 Ericsson et al. ( , 1995 . The data for Bavaria do not include the sites at 'Schacht' and 'Waldstein' and are taken from Kaupenjohann et al. (1989) and Rehfuess and Rodenkirchen (1984 reached an N content comparable to that present at the time of early needle maturity (mid-July of the previous year), and they reached this value again after bud break in the following season. We conclude that this N content (about 3 µmol N needle
, dashed line in Figure 2B ) provides an indication of the amount of N necessary to maintain biochemical functioning of the needle. At the time of bud break, when N demand exceeded supply and N content of old needles decreased, we observed an increase in starch content ( Figure 2C ). The capacity to supply N from old needles in a reversible manner decreased with needle age. In needles that were > 2 years old, the decrease in dry weight and N content showed no seasonal pattern, and about 1 mmol needle −1 of N was reallocated as needles aged from 2 to 5 years. Nitrogen concentration decreased only in needles > 4 years old. A similar pattern of leaf development was observed in beech as in Norway spruce (Figure 3) , although leaf area developed faster than in Norway spruce. Nitrogen content paralleled the increase in dry weight during the spring and remained constant throughout the summer. Nitrogen concentration decreased in the later stages of development as a result of a decrease in SLA.
Because N content appears to be a more sensitive indicator of N dynamics in these trees than N concentration, a summary of nitrogen contents of needles and leaves as they were observed in autumn along the European transect is presented in Table 4 . Nitrogen content showed more variation than N concentration along the transect, reaching highest values in Denmark, and decreasing to the north and the south. Sulfur content showed a similar geographic pattern to N content with highest values in Denmark. Magnesium content changed inversely to N and S contents, except for the coastal site in Denmark. Phosphorus, Ca, and K contents reflected local supply.
To study C/N interactions in Norway spruce, we plotted dry weight against nutrient content per needle (Figure 4) . Dry weight per needle increased linearly with N content with a slope of 0.9 for all sites, except for Sweden where higher dry weights per needle were reached at the same N content, and in Germany where needles had slightly higher N contents at the same dry weight than elsewhere along the transect. The excep- Leaf wt. Spruce 3.8 ± 1.0 ab 3.1 ± 0.4 a 3.7 ± 1.0 ab 4.4 ± 1.5 abc 5.8 ± 0.9 c 5.8 ± 0.9 c 4.7 ± 1.0 bc (mg leaf tions in north Sweden and Germany may be partly a result of the measurement technique, i.e., the data in Figure 4 are end points of a seasonal dynamic process of C and N relations. For example, the fine solid lines in Figure 4 demonstrate the seasonal progression of dry weight and N content at the German site in the first year of needle development. Nitrogen content initially increased more than dry weight and this was followed by a period when dry weight increased more than N content. Finally, N content changed more than dry weight. However, during this final period when needles are fully developed, an increase in dry weight at constant N content would be expected under conditions of N limitation. This situation appears to have occurred in northern Sweden; i.e., dry weight increased without a proportional change in N content because of a low N supply, resulting in low foliar N concentrations. In contrast, the German and Danish sites showed a slightly higher N content for the same leaf dry weight than the other sites, indicating accumulation of excess N. Sulfur content was positively correlated with needle dry weight, but S accumulation (higher S content at the same dry weight compared with other sites) occurred in Germany and Denmark, whereas the reverse relationship occurred at the Swedish sites (more dry weight per S content than at other sites along the transect), perhaps indicating that the Swedish sites were S deficient. The relationship between needle dry weight and P content was similar for all sites, except for southern Sweden, where needles had higher dry weights at the same P content than at the other sites. Calcium accumulated in needles of trees growing on calcareous soils in Italy, and Ca content of needles was lower in southern Sweden than at the other sites. Foliar K content closely reflected local soil conditions, except in southern Sweden where the soils appeared to have a low K content. Foliar Mg content showed a more complicated relationship with foliar dry weight than the other elements studied. Magnesium accumulated in foliage of trees growing close to the sea in Denmark, but soils contained below-average amounts of Mg in Germany and southern Sweden. To investigate possible element limitations, we analyzed the element ratios for P, S, and Mg versus N ( Figure 5 ). In both Norway spruce and beech leaves, S content was closely related to N content ( Figures 5C and 5F ), whereas the relationship was less close for P. The scatter was even larger for the Mg/N ratio. Needles of trees at the sites in northern Sweden and Denmark had high Mg/N ratios, whereas needles of trees at the central European sites had Mg/N ratios that were at or below the value at which yellowing symptoms occur, indicated by the dotted lines in Figures 5A and 5D (Oren et al. 1988) . Needles of trees growing at central European sites had Mg/N ratios of 28, which is the threshold below which needle chlorosis occurs (Ingestad 1959) .
Discussion
Elemental concentrations have often been used to describe the nutritional status and nutrient requirements of plants (Ingestad 1979 , Marschner 1986 . However, there is clear evidence that nutrient concentrations do not fully characterize plant nutrient turnover (Timmer and Armstrong 1987 , Nambiar and Fife 1991 , Haase and Rose 1995 , Millard 1996 , indicating that analysis of concentrations alone is of limited value. We found that nutrient concentrations based on total dry weight showed little variation between central Italy and southern Sweden. This observation confirms the findings of the north and central European survey of Cape et al. (1990) , who detected only minor differences in nutrient concentrations except in the heavily polluted areas that were also included in our study.
In contrast to the constancy of N concentrations, we observed significant changes in nutrient contents and leaf dry weights along the European transect. For Norway spruce, the relationship between nutrient content and dry weight indicates that acquired N was immediately used for growth. We used stand growth data collected by other research teams at the same sites (Nilsson and Wicklund 1992 , Dambrine et al. 1995 , Mund 1996 to relate various growth parameters to N nutrition. At the stand level, we found no significant relationship (r 2 = 0.44, P = 0.149) between N concentration and growth (Figure 6A ). In addition, the total amount of N in the foliage at the stand level (mol N ha −1 ) was not significantly correlated with wood growth ( Figure 6B , r 2 = 0.53, P = 0.103), probably because sun and shade parts of the crown contribute at different rates to the overall C assimilation (Schulze et al. 1977) . However, a significant relationship was observed between N content of 1-year-old needles and annual stemwood production ( Figure 6C , r 2 = 0.85, P = 0.026). Despite the close relationship between needle N content and growth along the European transect, which may be associated with a limited availability of soil N, we found an accumulation of N in needles at the time of major stem growth in Germany. This accumulation was associated with an increase in needle weight. Although an investigation of pools does not allow an insight into N fluxes, we postulate that the increase in N content in needles in Germany indicates that the needles assimilated N from air pollution (NO x and NH 3 ). It could be that stem growth is supported by N uptake from roots, whereas C assimilation and the carbon supply for stem growth is determined by needle size, which relates to the supply of organic N being assimilated in needles, in part from air pollution, and to the capacity for N reallocation during needle growth. Nitrogen shortage occurred at the time of bud break, when soils were still cold, roots were not fully developed and uptake of N from soils was not at its seasonal maximum (Oren et al. 1988) . During this period, old needles exhibited decreased N contents and starch increased, indicating a change in the C/N balance. The N content recovered during the next growing season when supply exceeded demand again.
We hypothesize that a needle or a leaf contains a threshold content of N that assures the functioning of the biochemical processes such as photosynthetic CO 2 assimilation. This threshold N content relates to a certain N concentration, which directly affects photosynthetic capacity per needle area (Field and Mooney 1986, Evans 1989) . However, the actual rate of carbon assimilation per needle strongly depends on needle size, and because needle development and needle size strongly depend on N reallocation from existing needles, this process apparently determines the capacity of the needle to assimilate carbon dioxide in the next season. Following reallocation, needle N content and dry weight increase again toward the end of the growing season and this accumulated N serves in turn ) and (C) total needle N content (µmol N needle ). Stemwood productivity data for France, southern Sweden, Italy and Denmark are from Dambrine et al. 1995, Nilsson and Wiklund 1992, G. Scarascia-Mugnozza (personal communication) , and B. Andersen (personal communication), respectively. Data for Germany and northern Sweden were derived from destructive biomass harvests (Mund 1996 and G. Bauer, unpublished data).
for growth of the next needle generation. During the growing season, wood formation follows needle growth. The sink activity of stem wood formation is initially dependent on N supply, even though wood has a high C/N ratio. Thus, wood growth acts as a strong sink for C in summer if N is not limiting. As a result, SLA of needles remains high throughout the season in central Europe (no C accumulation). In contrast, if N is in short supply (e.g., northern Sweden) the sink activity of wood growth remains low, and ongoing photosynthesis leads to excess photosynthates and to further increases in needle dry weight (SLA decreases to a lower area per dry weight). The relationship between N concentration and plant growth may be different for tree seedlings and herbaceous plants (Ingestad 1979 , Fichtner 1991 , Lauerer 1995 , because leaves of herbaceous plants have a major storage function and control demand and supply, and they are also the main compartment for growth. Because of the different C/N ratios in wood and leaves, stems of adult woody species act as strong carbon sinks and do not compete for N in leaves as much as stems of herbaceous species.
We conclude that element concentrations of woody species can only be interpreted in the context of C and N interactions at the whole-plant level by considering differences in C/N ratios of the different products. Wood growth is significantly related to foliar N content and the associated needle dry weight rather than to foliar N concentrations in Norway spruce, because needle size determines the extent of carbon assimilation.
